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Institute for Molecules and Materials, Radboud University Nijmegen, 6525 AJ, Nijmegen, The Netherlands Edited by David A. Tirrell, California Institute of Technology, Pasadena, CA, and approved June 10, 2013 (received for review December 28, 2012) Liquid-liquid phase transitions in complex mixtures of proteins and other molecules produce crowded compartments supporting in vitro transcription and translation. We developed a method based on picoliter water-in-oil droplets to induce coacervation in Escherichia coli cell lysate and follow gene expression under crowded and noncrowded conditions. Coacervation creates an artificial cell-like environment in which the rate of mRNA production is increased significantly. Fits to the measured transcription rates show a two orders of magnitude larger binding constant between DNA and T7 RNA polymerase, and five to six times larger rate constant for transcription in crowded environments, strikingly similar to in vivo rates. The effect of crowding on interactions and kinetics of the fundamental machinery of gene expression has a direct impact on our understanding of biochemical networks in vivo. Moreover, our results show the intrinsic potential of cellular components to facilitate macromolecular organization into membranefree compartments by phase separation.
microdroplets | macromolecular crowding P rotocells are minimal compartmentalized systems exhibiting key characteristics of cellular function, including metabolism and replication (1, 2) . Lipid vesicles are considered the prototypical protocell as they can form functional microscopic spherical assemblies suited for in vitro gene expression (3, 4) . Compartmentalization via lipid bilayers is considered essential for the emergence of cells (4) , but there are alternative models based on liquid-liquid phase transitions that lead to the emergence of compartments (5, 6) . Compartmentalization is but one characteristic, as protocells ideally also mimic the highly crowded interior of living cells, which have total macromolecule concentrations in excess of 300 g/L (7) . Examples in which compartmentalization and high local concentrations are obtained concurrently, include DNA brushes (8), aqueous two-phase systems (9) , and liquid coacervates (10) . Phase separation or coacervation occurs in a wide range of polymer and protein solutions, often triggered by changes in temperature or salt concentration, or by the addition of coacervating agents (11) . The (complex) coacervate droplets that are formed in such systems present macromolecularly crowded, aqueous, physical compartments, 1-100 μm in diameter (12) . Recent work has identified similar liquid phase transitions in vivo in the formation of intracellular non-membrane-bound compartments exhibiting liquid-like properties, slowed down diffusion, and strongly interacting macromolecular components (13, 14) . Well-studied examples are the intracellular localization of DNA or RNA and proteins in Cajal bodies, P granules, and nucleoli (15-17), which can contain over 100 components. Such complexity has not been achieved in two-phase systems in vitro (18, 19) . Although the physics of coacervates is well understood, progress in their development as protocell models has stalled, because of the lack of demonstrations of complex biochemical processes inside coacervates and the small number of different biochemical components involved. Here, we demonstrate the formation of crowded coacervate compartments composed of cell lysate and show how crowding affects the kinetics of key cellular processes inside the coacervates. We took advantage of microfluidics technology to form monodisperse picoliter waterin-oil droplets (20) , which allow for reactions to be studied systematically under precisely controlled conditions (SI Text, S1-S5 and Fig. S1 ). Among the most important complex sets of reactions in the cell is protein synthesis (the result of transcription and translation), a process that functions in vitro despite almost two orders of magnitude lower total protein concentration than found in vivo. We and others have previously shown how droplet-based microfluidic devices can be used to study the kinetics of in vitro expression of a reporter protein using commercial in vitro transcription and translation kits (21) (22) (23) . The volume of droplets can be controlled via osmotic transport of water to and from reservoir channels filled with concentrated salt solutions (24, 25) and separated from the droplet traps (25) by a thin (15-μm) polydimethylsiloxane (PDMS) membrane (Fig. S1F) . Here, we have adapted this approach to raise the salt concentration and concentrate the contents in the droplets, and thus induce coacervation, via controlled withdrawal of water from water-in-oil droplets that are trapped inside microfluidic channels made out of PDMS (Fig. 1A) . This approach allows us to study monodisperse droplets (27-μm diameter, 10.3 pL) with identical starting compositions (Escherichia coli cell-free expression kit and plasmid DNA for GFP production; see SI Text, S6-S8 and Figs. S1 and S2 for experimental details) but with different final volumes simultaneously, as droplets in osmotic contact with the saturated NaCl reservoir shrunk from 27 to 20 μm within 20 min. When following the production of GFP using fluorescence microscopy, we find that in the shrunk droplets a second, much smaller (∼13 μm in diameter), highly fluorescent, liquid droplet appeared, before significant fluorescence due to GFP production was observed in the nonshrinking droplets ( Fig. 1 B and C) .
We first investigated the origin and properties of this coacervate droplet. In home-made lysate (SI Text, S9) (26), we did not observe the emergence of two phases, unless small amounts (∼2 wt%) of PEG 8000 were added, similar to the presence of PEG in commercial cell-free expression kits (Fig. S3A) . PEG is known to form aqueous two-phase systems in the presence of certain inorganic salts (27) . To elucidate the role of PEG in the coacervation process, we covalently labeled all proteins in commercial cell lysate with DyLight 550 and added 0.1 wt% additional fluorescein-labeled PEG 8000 (SI Text, S10). Upon shrinking the droplets, we first observed the formation of small PEG-rich droplets, which subsequently merged to form a single large coacervate (Fig. 2 A-D and Movie S1). The coacervates we observed in stained or nonstained lysates had volumes 8-20 times smaller than the initially generated droplets, depending on the exact composition of the starting mixture (Table S1 ). The (fluorescently labeled) cell lysate then accumulated in the liquid coacervate, as demonstrated by the rapid increase of DyLight 550 fluorescence intensity in the coacervate. Upon further incubation, more and more macromolecules partitioned into the coacervate and eventually 75% of the protein content of the lysate and 78% of the PEG was compartmentalized in the coacervate, corresponding to a total macromolecule concentration of 375 g/L, of which 290 g/L is PEG 8000 and 85 g/L are lysate proteins (SI Text, S10). In contrast, the total macromolecule concentrations of the dilute phase is 45 g/L, of which 33 g/L is PEG 8000 and 12 g/L are lysate proteins. In a complementary experiment in which we spiked the same, commercial, nonlabeled cell lysate with recombinant GFP (rGFP), we observed that 81% of the rGFP molecules partitioned into the coacervate, which shows that partitioning is not driven by the fluorescent labeling (SI Text, S11 and Fig. S3B ). Interestingly, the coacervation of fluorescently labeled PEG 8000 in buffer alone, took place at an internal salt concentration around 1.9 M, leading to coacervate droplets that contain ∼180 g/L PEG (SI Text, S12 and Fig. S3 C and D) . The coacervate and "dilute" phase are osmotically balanced, and as the coacervate contains most of the macromolecules (PEG and proteins combined) we expect the dilute phase to be enriched in salts, in agreement with classical examples of liquid-liquid phase separation in PEG-salt mixtures (28) . Measurements of the concentrations of various salts using inductively coupled plasma-optical emission spectrometry (SI Text, S13 and Table S2 ) confirms that salt concentrations in combined, compared with 1.22 M in the dilute phase), which means that 77% of the salts remain in the dilute phase. We also measured DNA distribution over the phase separated droplets by covalently attaching a dye to plasmid DNA (SI Text, S14). We found that a small amount of DNA adsorbed to the oil-water interface (Fig. S4 A and B) and, somewhat unexpectedly, no strong preference of the DNA for either phase [54% vs. 46% in the dilute and coacervate phases, respectively (Fig. S4C)] .
The characterization of the coacervates reveals that combination of E. coli lysate and PEG has a remarkable effect on the distribution of the biologically active components. This system presents a unique example of a salt-induced phase separation in a complex mixture where most components partition in a single crowded coacervate compartment. Such a process could also drive the formation of nucleoli and other complex non-membrane-bound intracellular compartments, where coacervation is driven by interaction between multivalent proteins, followed by accumulation of other classes of proteins via selective interactions or physical properties (5) . We find that the phase separation of droplets from the commercial gene expression kit is triggered at an internal salt concentration in the range of 1.0 M, with little dependence on the temperature at which the controlled evaporation is carried out (Fig. 2E) . Coacervate droplets formed from the kit have an 8-to 10-fold smaller volume than the initial droplets (Table S1 ), corresponding to a total macromolecule concentration of ∼200 g/L, of which ∼155 g/L is PEG 8000 and ∼45 g/L are lysate proteins, assuming the partition coefficients determined in the above-mentioned experiment using fluorescently labeled PEG and proteins (SI Text, S10). The difference between these values and those for coacervates containing fluorescently labeled lysate proteins and PEG is likely due to the presence of dye leading to the formation of smaller coacervates (Table S1 ). There is a clear correlation between coacervate volume and amount of lysate in the initial droplet (Fig. 2F) . Fluorescence recovery after photobleaching experiments probing the diffusion of two variants of GFP [enhanced GFP (eGFP) and rGFP] added to the coacervates (see SI Text, S15 for experimental details) confirm that the coacervate is a liquid phase with a density and viscosity strongly resembling the environment within living cells (Fig. 2G ). We find a diffusion coefficient of 2.9 ± 0.7 μm 2 ·s −1 for eGFP (1.4 ± 0.5 μm 2 ·s −1 for rGFP) compared with 3.6 ± 0.7-7.7 ± 2.5 μm 2 ·s −1 (depending on the levels of expression) in E. coli (29) . Before phase separation, the diffusion coefficient in the dilute lysate is around 77 ± 28 μm in pure water. We have shown that the coacervates are crowded compartments, which, despite the large changes in buffer and lysate concentrations during droplet shrinking and phase transition, form a functional transcription and translation compartment as evidenced by the observed production of GFP. To directly compare mRNA and protein synthesis rates in single-phase droplets and in the more crowded coacervates, we proceed as follows: droplets were formed at 4°C to prevent transcription and translation, and only after phase separation and partitioning of the cell lysate and the DNA (typically after 40 min), the temperature was raised to 25°C and transcription and translation were initiated. To quantify the effect of compartmentalization and crowding on the production of mRNA and GFP, we constructed a deterministic model, based on the underlying biochemical reactions. Inspired by similar models in recent experiments on cell-free expression kits (30, 31), we write both transcription and translation as a two-step reaction: after a fast-equilibrium complexation of DNA to T7 RNA polymerase (K TS ) or mRNA to the ribosome (K TL ), transcription and translation proceeds with an overall rate of catalysis k TS and k TL , respectively (SI Text, S16). The key features of this model are shown schematically in Fig. 3A . We further assume that degradation of mRNA and protein can be neglected during our experiments (Fig. S5 A and B) .
We first focused our studies on the kinetics of mRNA production as a function of DNA concentration using a molecular beacon that is complementary to a part of the GFP mRNA sequence (SI Text, S8). Preliminary experiments showed that increasing the amount of PEG from 0 wt% to between 5 and 8 wt % increases transcription rates, but that mRNA production is strongly inhibited when the concentration of PEG is raised further (>10 wt%), even at high salt concentrations, as shown in SI Text, S17 and S6 for corresponding mRNA production curves). We assume that a small amount of DNA (0.095 μm −2 , corresponding to 35 pM in a droplet of 27 μm) is adsorbed to the oil-water interface (SI Text, S14 and Fig. S4 ).
concentration of 160 pM in the starting droplet (see Fig. S6 for mRNA production from 40, 60, 80, 120, and 160 pM DNA). All curves exhibit a delay time of ∼10-20 min and a slowdown in mRNA production after 80-120 min, probably due to depletion of transcription resources and inactivation of some of the components from the lysate (30, 31) . Clearly, the rate of mRNA production in the coacervate is increased about 50-fold compared with the nonshrunk droplets, and micromolar concentrations of mRNA are obtained in coacervate droplets from subnanomolar concentrations of DNA in the starting droplet. The fact that the coacervates act as compartments in which most of the relevant macromolecular components of transcription have been accumulated ( Fig. 2 A and B) , accounts for part of the increase in transcription rate. However, our kinetic model shows that this concentrating effect is not all. Even if we take into account the actual concentrations of DNA, T7 RNA polymerase (and the ribosomes and all other proteins) in the coacervates as determined above, we cannot predict as high a rate of transcription as we find experimentally. Two additional effects are likely to play a role in the coacervates. Crowding generally alters the association constants of complexation equilibria (32) such as the T7 RNA polymerase binding here. Second, the transcription rate constant k TS may be increased in the coacervates. The fits in Fig. 3B show that a combination of these effects, that is, an increase in the DNA association constant by two orders of magnitude, and a fivefold to sixfold increase in k TS , from 25 to 143 min
, leads to a predicted transcription rate that matches our experiments. The concentration of DNA strongly affects the rate of mRNA production, both in single-phase droplets and in coacervates. Fig. 3C shows that our model correctly predicts the mRNA production rates for all DNA concentrations we investigated. In all cases, the rate of mRNA production in the coacervates is enhanced by nearly two orders of magnitude, compared with the single-phase droplets. At very high DNA concentrations, the rate of mRNA production will level off because every RNA polymerase is already bound to a DNA molecule. The DNA concentration at which leveling off occurs is similar to previous bulk experiments using another E. colibased cell-free expression kit (31) . At very low DNA concentrations, the mRNA production in single-phase droplets is too small to be detected reliably. Remarkably, both the RNA polymerase binding constant and the transcription rate constant in coacervates are of the same order of magnitude as the values typically found for E. coli in vivo (33) , whereas two orders of magnitude lower constants are usually found in bulk experiments on cell-free expression kits with the same RNA polymerase in vitro (30, 31) . This supports our conclusion that the coacervates are crowded environments that mimic the conditions necessary for in vivo transcription.
In contrast to the enhanced transcription, protein synthesis rates in coacervates are adversely affected by the high PEG concentrations. Although small amounts of PEG are typically added to optimize cell-free protein synthesis rates, higher concentrations completely prevent protein synthesis (34) . Indeed, we observed no appreciable production of GFP in home-made lysate when >10% PEG 8000 was added (SI Text, S18 and Fig.  S5E ). Nevertheless, we did observe higher concentrations of GFP in the coacervates than in dilute droplets ( Fig. 1 B and C) , as indicated by the high fluorescence intensity. As GFP is a slowfolding protein, the increased concentrations observed in Fig. 1C could be due to delayed folding of already produced proteins in the coacervate. We therefore extended our studies to include a fast folding eGFP mutant, deGFP, with a maturation time of 8.5 min (26) (see SI Text, S7 and Fig. S2B for calibration details) to decouple translation and fluorophore maturation. Fig. 4 shows that the rate of fluorescence increase resulting from the fast-folding deGFP is significantly larger in the coacervates, although the difference with single-phase droplets is smaller than for transcription. In fact, if we again assume that all protein and RNA components necessary for translation have been accumulated to the same extent in the coacervates, we can account for the increased rate of translation with a translation binding constant K TL that is unchanged and an overall rate constant k TL that is sixfold to sevenfold lower, as expected from the adverse effect of PEG. We emphasize that this assumption is much stricter in case of translation, because tens of proteins and RNA fragments need to assemble before translation can take place. Nevertheless, the coacervates clearly form fully functional compartmentalized systems capable of protein synthesis, which is truly remarkable considering the high concentrations of PEG.
The phase separation of E. coli cell lysate into a dense liquid coacervate containing all macromolecular components has enabled a direct comparison between mRNA synthesis in dilute and crowded environments. We demonstrate that crowding significantly enhances the binding constant of T7 RNA polymerase to DNA and the transcription rate constant, which are direct results of crowding affecting the kinetics of the rate-determining steps of the fundamental machinery of gene expression in the cell. Our results thus impact on our understanding of how biochemical networks function, as rates of enzymatic reactions determined in dilute solution do not necessarily reflect in vivo rates. Our experimental platform enables a systematic study into the effects of crowding on key cellular processes such as transcription and translation in membrane-free protocells. It is striking that both the mRNA (and the molecular beacon) and the GFP remain associated with the coacervate during their production, even in the absence of lipid bilayer membrane around the droplets (4). We hypothesize that a functional coacervate forming spontaneously due to salt-driven liquid-liquid phase separation could be of interest in new theories for the compartmentalization of (proto)cellular components (6, 35, 36) . , respectively (Fig. 3B) , compared with the single-phase droplets.
